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Abstract 


The research work on adsorption refrigeration in Shanghai Jiao Tong University (SJTU) 
started in 1993, various adsorption refrigeration cycles have been investigated, such as continu- 
ous heat recovery cycle, mass recovery cycle, thermal wave cycle, convective thermal wave 
cycle, cascade multi effect cycle, hybrid heating and cooling cycle etc. Several prototype 
adsorption refrigeration systems have been developed and tested, typical examples are continu- 
ous heat regenerative adsorption ice maker using spiral plate adsorbers, adsorption heat pump 
using novel heat exchanger as adsorbers, solar powered adsorption ice maker, solar powered 
hybrid system of water heater and adsorption refrigerator, waste heat driven air conditioning 
system for automobiles. Reasonable experimental results have been obtained, it was found 
that with a heat source temperature of 100°C, the refrigerator can obtain specific refrigeration 
power for 5.2 kg-ice/day per kg activated carbon in one adsorber, the heat pump can reach a 
specific cooling power for more than 150 W/kg-adsorbent with a COP close to 0.5, the adsorp- 
tion solar ice maker yields 5—7 kg-ice per day per square meter solar collector, the hybrid 
solar water heater and ice maker is capable of heating 60 kg water up to about 90°C and 
meanwhile yields ice making about 5 kg per day with a 2 m° solar collector. The adsorption 
mechanisms of adsorption refrigeration pairs and also the thermo-physical properties have been 
also studied in SJTU, which are very helpful for adsorption refrigeration researches. This paper 
shows the various aspects researched in SJTU. © 2000 Elsevier Science Ltd. All rights 
reserved. 
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Nomenclature 


C 


pl 
pm 


Cpwater 


COP 


constant of Clausius—Clapeyron equation 
area of the solar collector (m7) 

thermal diffusion coefficient of bed (m7/s) 
thermal diffusion coefficient of fluid (m7/s) 
pore size of adsorbent (m) 

specific heat of adsorbent (kJ/kg-K) 
specific heat of thermal fluid (kJ/kg-k) 
specific heat of refrigerant liquid (kJ/kg-K) 
specific heat of metallic adsorber (kJ/kg.k) 
specific heat of water (kJ/kg-K) 
refrigeration COP 


COP.,.ie refrigeration cycle COP 
COP heating refrigeration cycle COP driven by heating 
COP ,.1ar Solar power refrigeration COP 


D 


f 
G(t) 


Adsorption parameter for an adsorption pair 
fugacity (Pa) 

solar heat flux density (W/m?) 

wet perimeter of heat exchanger tube (m) 

heat of adsorption (kJ/kg) 

integrated heat of adsorption (kJ) 

heat of desorption (kJ/kg) 

integrated heat of desorption (kJ) 

characteristic parameter of adsorption pair 
adsorption parameter for D—A equation 

latent heat of evaporation of refrigerant (kJ/kg) 
mass of adsorbent (kg) 

mass of metallic adsorber (kg) 

mass of water in the tank (kg) 

characteristic parameter of adsorption pair 
condensing pressure (Pa) 

evaporation pressure (Pa) 

heat to cool down the adsorber and adsorbent bed (kJ) 
cooling consumed to cool down refrigerant from condensing 
temperature to evaporation temperature (kJ) 
Heat for isobaric generation process (kJ) 

Heat for isometric heating process (kJ) 

Heat for desorption process (kJ) 

heat losses (kJ) 

refrigeration effect (kJ) 

heat regenerated (kJ) 

heat stored in the collector (kJ) 


D 


3aDdD DA 


solar 


4 
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total heat load (kJ) 

face heat losses (kJ) 

heat transferred to the water tank (kJ) 

universal gas constant (J/mol-K) 

heat capacity ratio of adsorber material and thermal fluid to 
adsorbent 

heat capacity ratio of adsorber material to adsorbent 
heat capacity ratio of thermal fluid to adsorbent 
specific cooling power (kW/kg-adsorbent) 
specific heating power (kW/kg-adsorbent) 
temperature (°C, K) 

environmental temperature (°C) 

temperature to start adsorption (°C) 

adsorption temperature (°C) 

adsorbent bed temperature (°C) 

condensing temperature (°C) 

evaporation temperature (°C) 

thermal fluid temperature (°C) 

temperature to start desorption (°C) 

desorption temperature (°C) 

average temperature of solar collector (°C) 
saturated temperature (°C) 

filled water temperature (°C) 

bottom heat transfer coefficient (W/m?-K) 
thermal fluid velocity (m/s) 

face heat transfer coefficient (W/m?-K) 

volume adsorption capacity (l/kg) 

maximum volume adsorption capacity (l/kg) 
adsorption capacity (kg-refrigerant/kg-adsorbent) 
adsorption capacity at desorbed state (kg/kg) 
adsorption capacity at adsorbed state (kg/kg) 
adsorption capacity at a saturated pressure p, corresponding to T, 
(kg/kg) 

half width of Guess normal distribution 
absorptance, heat transfer coefficient (W/m?-°C) 
affinity coefficient 

adsorption potential 

density of refrigerant liquid (kg/m°) 
transmittance, time 

solar heating efficiency 

adsorption capacity difference between adsorption phase and 
desorption phase AxX=X.onc ~ Xai (kg/kg) 
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1. Introduction 


As a good opportunity to replace CFCs or HCFCs refrigeration, adsorption 
refrigeration research has got enough attentions during these years, specially its 
potential applications in waste heat recovery, solar energy utilization etc. The 
research extends not only in refrigeration itself, but also to Thermodynamics, Chemi- 
cal Engineering, Material Science, New Energy, and specific technologies are 
involved. In recent years, various adsorption refrigeration cycles have been studied, 
however there are not enough verifications by prototype machines; not enough 
thermo-physical data measured such as specific heat, thermal conductivity, adsorp- 
tion capacity; not enough consideration on adsorption mechanisms of adsorption 
refrigeration pairs; not much research on adsorption materials; not much consider- 
ations on the adsorption refrigeration applications. 

Based upon the recent progress of adsorption refrigeration researches in Shanghai 
Jiao Tong University (SJTU), this paper concludes the various research aspects of 
adsorption refrigeration in SJTU, which includes adsorption mechanism, thermodyn- 
amic analyses of various adsorption refrigeration cycles, high performance prototypes 
of adsorption refrigerator and heat pump, application of adsorption systems in solar 
energy application and waste heat recovery. 


2. Adsorption mechanism [1] 


Dubinin—Astakhov equation (D-A equation) is commonly used to describe the 
adsorption of methanol or ammonia on activated carbon, water on zeolite, which is 
expressed as 


x=nsenp(-e() ) (1) 


where xo is explained as limiting adsorption capacity, k is a constant determined by 
the structure of adsorbent, p is affinity coefficient which is determined by the adsorb- 
ent—adsorbate pair. € is the adsorption potential energy. The reformed equation can 
be expressed as 


| í p) 
w=wọexp| —D| T In— (2) 
P 
T n 
X=Xo exp| -x(7-1) | (3) 


where w and x represent the volume adsorption and mass adsorption respectively at 
temperature T and pressure p, in terms of the adsorbed liquid volume (l/kg) and the 
adsorbed liquid mass (kg/kg) per unit mass of adsorbent. In the above equations, p, 
is the saturated vapor pressure corresponding to the adsorption temperature T, p is 
the adsorption pressure which is the saturated pressure corresponding to the saturated 
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refrigerant liquid temperature 7,, D, K and n are the adsorption parameters depending 
on the adsorption refrigeration pair, wọ, Xọ are the maximum adsorbed liquid volume 
and adsorbed liquid mass per unit mass of adsorbent respectively. The co-relations 
of the above two equations are 


Xo=PWo (4) 
K=DA". (5) 


The above D-A equations are widely adopted in adsorption refrigeration research, 
but the physical meaning of wọ and xX are not clearly defined, as in the application 
of the two equations wọ and x, are treated as constants. It can be seen from D-A 
equation that when the temperature of adsorbent T equals to the saturated temperature 
of refrigerant T,, we get x=xọ. As is known in an adsorption capacity measurement, 
the different saturated temperature of refrigerant liquid T, (which corresponds to 
different adsorption pressure) yields different value of xo, thus the parameter of xo 
as the maximum adsorbed mass is not well defined. It might be estimated that the 
higher the adsorption pressure, the larger the adsorbed mass, its maximum will be 
the refrigerant mass occupying the all pore volumes of adsorbent. 
A clear definition of adsorption capacity is 


x=x(T.p) (6) 


which means the adsorbed mass in adsorbent is a function of adsorption pressure p 
and adsorbent temperature T. The above considerations have an assumption that the 
mini-pore sizes are nearly uniform in the adsorbent, a more generalized equation 
will be 


x=x(T,p,B) (T) 


in which B corresponds to the mini-pore sizes of adsorbent. The pore size distribution 
can be assumed as 


1 
B-B, 


fB)= (8) 


for uniform pore volumes (size between B, and B,) or 


fB)=—— x| Ga (9) 
y2TA ZAF 


for assumed Gauss normal distribution size with a half width of A. 

For mathematical convenience, we may postulate a continuous distributions f(B) 
for the adsorption concentration xo; and x9=/(B,)6B;. The sum is then replaced by 
the integral 


[re dB=1. (10) 


6 R.Z. Wang / Renewable and Sustainable Energy Reviews 5 (2001) 1-37 


Table 1 
Adsorption parameters of three adsorption pairs correlated by Eq. (10) 


Adsorption pair Xo (kg/kg) Bo (x107° m~?) A (x10~° m~?) 
YKAC-methanol 0.294 1.033 0.289 
SXAC-methanol 0.265 1.273 0.251 
Zeolite—water 0.203 1.152 0.310 


For a given size mini-pores characterized by B, adsorption equation can be treated as 
x,=x(T.p.B;). (11) 

For an adsorption surface, the total adsorption capacity can be integrated with the 

characteristic adsorption of mini-pores multiplied by its distribution, thus we get: 


co 


x= | x(T,p,B)f(B) dB. (12) 


0 


As limited in a very narrow range of pores, AB-0, we may take, 
x(T,p,B)=const=xz, (B1 &B;5B2) in this range. If fugacity fis used to replace pressure 
thus we get a simple form 


HET] 
X=Xi 5 Xow EXP] — E . 


From a mathematical view point, the general expression for the pore size with a 
Gauss distribution yields a Gauss-based general equation for the filling of pores 


X=Xo exp(—Boy)-exp(y?A?/2)-[1 —erf(z)]/2. (14) 


This is the modified equation, where z=(y- BAX») AN2, and erf(z) is error function. 
The variable y=(7/B)" In?(f,/f) already contains the adsorptive-dependent shifting fac- 
tor B (affinity factor), and therefore simplifies the overall graphical representation, f 
represents fugacity of refrigerant which is used to modify the pressure terms in D- 
A equation. This equation contains three parameters: x), By and A, which can be 
determined by adsorption experiments. 

Typical values based upon the data treatment of adsorption capacity measurement 
are shown in Table 1 (activated carbon—methanol, zeolite-water) for heterogeneous 
distribution of adsorbent pore size and Table 2 (activated carbon fiber—-methanol) for 
that of homogeneous distribution. 


(13) 


i 


Table 2 
Adsorption parameters of three ACF—methanol adsorption pairs correlated by Eq. (13) 


Adsorption pair Xo E (kJ/mol) n 
JIAACF-methanol 0.342 6.703 1.346 
SYACF-methanol 0.606 3.904 0.904 


NTACF-methanol 0.602 7.674 1.272 
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3. Research on heat recovery adsorption refrigeration cycles [2] 


Adsorption refrigeration is based upon the processes of heating—desorption—con- 
densation and cooling—adsorption—evaporation, the cooling—adsorption process needs 
heat dissipation both of sensible heat and heat of adsorption. A two beds continuous 
adsorption refrigeration system with heat recovery is shown in Fig. 1. The schematic 
shows the operation when adsorber 1 is cooled and connected to the evaporator to 
get adsorption refrigeration in the evaporator, and adsorber 2 is heated and is connec- 
ted to the condenser to get heating—desorption—condensation, the condensed refriger- 
ant liquid flows into evaporator via a flow control valve. The operation phase can 
be changed, and the go-between will be a short time heat recovery process in which 
the two pumps drive the thermal fluid in the circuit between two adsorbers (the 
connection to the heater and cooler are blocked during this process). Heat recovery 
is important to increase the cycle COP, the possible heat recovery for a two adsorp- 
tion bed system will be some part of sensible heat and heat of adsorption shown as 
Fig. 2. The COP for basic type adsorption refrigeration cycle (one bed or two beds 
without heat recovery) is 


Over 
O,+0. 


The COP for a two-bed heat recovery cycle can be expressed as 


COP,= 


(15) 


fa 


V 


(— u 
V W 
X UX Z 
N NA ZD 


A 
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Adsorber = OK kas | Adsorber 
AN IN Ly 
D4 $ 


Fig. 1. Schematics of heat recovery two-beds adsorption refrigeration system. 
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1 Phase 1 | Qin Inp Phase 2 
aa 


np 


Tx Ty 


Fig. 2. Two-bed adsorption system with heat recovery. Operation phase 1: adsorbent bed 1 for heating 
and bed 2 for cooling, operation phase 2: adsorbent bed 1 for cooling and bed 2 for heating. 


Qret 
COP=— =~ (16) 
O1.+O.-Oree 
where Q,eg is the heat recovered. In the above equations, Q, and Q, are the heat for 
generation corresponding the two processes (isostersis and isobars). The refrigeration 


effect is approximately 
O,.6=M,-Ax-L (17) 


if the sensible cooling of refrigerant liquid is neglected, which is the latent heat L 
multiplied by the cycle refrigerant mass M, Ax. 

As shown in Fig. 3, the cycle COP will be increased more than 25% by heat 
recovery process, but the COP for a single effect refrigeration system is still low, 
possibly in the range of 0.4—0.6. Multi-beds system will be good to recover more 
heat, thereby increase COP, however the real system will be very complicated. 

For a real heat recovery adsorption system, the heat capacity of metallic adsorber 
and also the thermal fluid will have strong influence on system COP. If Rm is defined 
as the heat capacity ratio of adsorber material to adsorbent, and R, that of thermal 
fluid to adsorbent, the total heat capacity ratio R,,=R,,+R; will have strong influence 
on system COP. A typical example of the heat capacity ratio effect on system COP 
is shown in Fig. 4, as is seen the COP decreases significantly if the ratio Ry» 
increases. For example, when R,,,,=10, the COP will decrease by 30-50% if compared 
with the ideal COP, (COP corresponding to Rm0). When Rm5, the COP decreases 
about 20-30%. 

In real design of an adsorption system, good heat transfer should be considered, 
in order to shorten cycle time and increase specific cooling power (SCP), which may 
need to increase heat transfer area by finned tubes, etc. (Fig. 5). But the heat capacity 
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120 
Tg2 (°C) 1 10 


Fig. 3. COP with and without heat recovery. Evaporation temperature at — 10°C, 1 — basic cycle, 2 — 
heat recovery cycle. 


120 
Tg2 (°C) 110 


Fig. 4. Heat capacity ratio Rmr effect on COP of a heat recovery system. 
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Aluminum plate 
chip 


Activated 
Carbon 


Fig. 5. A newly designed plate-finned tubes adsorber. 


ratio should be controlled, the ideal value of R should be limited below 5, possibly 
below 3. Oil should be used as thermal fluid to decrease the heat capacity ratio Rs, 
also the flow volume of thermal fluid should be controlled. 

Plate-fin heat exchanger and spiral plate heat exchanger have been applied as 
adsorbers because of very good heat transfer performance, the SCPs have been 
obtained as 150 W/kg-adsorbent for air-conditioning and 5.2 kg-ice/day/kg-adsorbent 
for ice-making, but the COPs are low due to the high values for both of R; and Rm 
values. In the two systems, Ry is high than 10, which causes the COP value rela- 
tively low [3]. 

An improvement has been made in activated carbon—methanol adsorption air-con- 
ditioning system, the newly designed plate-finned tubes adsorber is successful both 
for heat transfer and also the heat capacity control. The plate-finned tubes with a 
diameter of 9.5 mm are used for heat transfer between thermal fluid and adsorption 
bed, the aluminum plates are incorporated with the tubes to extend heat transfer 
surface. Adsorbent bed is packed by metallic net with the heat exchanger tubes, and 
a space to the shell is kept to have gas flow channels for enhancing mass transfer. 
Inside the adsorber, an extra mass flow channel is designed to separate the bed into 
two halves. The adsorber heat capacity ratio R,,=1.36, while the thermal fluid heat 
capacity ratio R=1.5 for water and R,=0.53 for oil. The total heat capacity ratio is 
thereby controlled as R,,=1.89 if oil is used as thermal fluid [3]. 


4. Heat and mass recovery adsorption refrigeration cycle 


Mass recovery could be initiated followed by heat recovery (the ideal heat recov- 
ery state will be e-e’ for a two bed system shown in Fig. 6). As is clear, when 
adsorber | (as generator) is desorbed, it is at the generation temperature T,» and 
condensing pressure P., which is to be cooled to serve as adsorber (temperature from 
Ta to T,,, pressure from P, to P.), while adsorber 2 (currently as adsorber) has 
adsorbed refrigerant, and is hoped to be heated to serve as generator (temperature 
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-1/T 


Fig. 6. Diagram of the intermittent and heat recovery cycle. 


from T, to T,» pressure from P, to P,). A go-between connection between two 
adsorbers will speed up the pressure changes to reach equilibrium pressure 
P,.=(P.+P.)/2. This process will cause more desorption in the generator shown as 
Fig. 7. 

The mass recovery cycle (a,-a3-g,'-g ;->-23-a,'-a,) extends the two bed basic cycle 
or two bed heat recovery cycle (a-g|-g5-a,-a, shown as Fig. 6), and the cycle mass 
is increased from Ax to Ax+ôx, which causes the refrigeration effect to increase. If 
the heat of adsorption and the heat of desorption is the same (at the same pressure), 
the cycle COP will increase as the increased refrigeration effect in a cycle. The 
typical comparison of COPs between basic type (two beds but without heat recovery) 
cycle and mass recovery cycle (two beds without heat recovery) are shown in Fig. 8. 

The mass recovery process is usually before the heat recovery process, the com- 
bined mass and heat recovery procedures will contribute COP significantly. In the 
real system operation, heat recovery may have two kinds. One of which is sensible 
heat recovery, the other is sensible heat recovery followed by adsorption heat recov- 
ery. Fig. 9 shows the COPs of various operation procedures compared with basic 
type cycle and mass recovery cycle. It is seen that mass recovery followed by heat 
recovery (sensible and heat of adsorption) is of the best performance, and for acti- 


-1/T 


Fig. 7. Diagram of mass recovery cycle and heat and mass recovery cycle. 
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0.4 


COP 
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0.1 


Ta °C 


g2 


Fig. 8. Comparison of COPs for basic type cycle (1) and mass recovery cycle (2). T.=5°C, T.=T,=30°C. 
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Fig. 9. Comparison of COPs for various operation procedures of heat and mass recovery cycle. 

T.=5°C,T.=T,=30°C, R=0. 1, Basic type cycle; 2, mass recovery cycle; 3, sensible heat recovery; 4, 

sensible+adsorption heat recovery; 5, sensible heat and mass recovery; 6, Sensiblet+adsorption heat and 

mass recovery. 


vated carbon—methanol air-conditioning system, COP over 0.6 can be achieved with 
a generation temperature of 80°C. If the generation temperature reaches 120°C, COP 
will be close to 0.8. 


5. Thermal wave cycle [4] 


Low COP is a main problem of the adsorption refrigeration. Many different cycles 
have been studied to improve the COP, with focus on improving the heat regenerative 
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ratio. One attractive cycle is the thermal wave cycle patented by Shelton [5]. The 
simulation of the cycle by Shelton showed that the heat regenerative ratio and COP 
for heat pump are as high as 70% and 1.87, respectively. Although many researchers 
have studied the cycle, up to now, there is no report of a successful prototype adopt- 
ing thermal wave cycle. Oppositely, some experimental reports showed that the effect 
of the thermal wave cycle is very bad. 

Thermal wave cycle utilizes a simple heat transfer fluid circulating loop for heating 
and cooling the two adsorbent beds, in which part of the adsorbent heat can be 
recovered from the bed being cooled to the bed being heated. Fig. 10 presents a 
typical thermal wave cycle system. 

A heat transfer model [4] is established to investigate the thermal wave by analyz- 
ing the transient heat transfer between the fluid and the adsorption bed. Numerical 
method is adopted. The bed being heated is specially discussed. 

Fluid: 


oT; OT; _ oT; ah T_T. 18 
aye =df Je TEN f b) ( ) 
Adsorbent bed: 


OT, OT, ah Teg i9 
Or =ay 3x2 EER f b): ( ) 


Here T is temperature, T is time, A is the cross section area, h is the wet perimeter, 
U is the fluid velocity, a is thermal diffusion coefficient, œ is the heat transfer coef- 
ficient. The subscripts f and b represent fluid and adsorbent respectively. Figs. 11 
and 12 show the transient variation of the non-dimension temperatures of the fluid 
and the adsorbent along the bed. Shown as in Fig. 13, the temperature of the outlet 
fluid increases quickly, and the shape of the wave defined by Shelton becomes flat 
soon. Both of the two features are far from the ideal thermal wave, which charac- 


Throttle valve 
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ZF 
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eo% 
KD 
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nee 


Fig. 10. The thermal wave cycle system. 
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Fig. 11. The variation of the non-dimension temperature of the heating fluid along the bed during heating 
period o=100 W/m?-°C, U,=0.05 m/s. 


Non-dimensional bed temp. 


0 0.2 0.4 0.6 0.8 1.0 
Non-dimensional length of the bed 


Fig. 12. The variation of the non-dimension temperature of the adsorbent along the bed during heat- 
ing period. 


terized by the steep and large temperature difference between the inlet and outlet 
fluid. As illustrated in Fig. 12, because the outlet fluid enters the cooler, the high 
temperature of the outlet fluid means that much heat is wasted in the cooler. 

Fig. 13 shows the variation of the outlet fluid temperature under different con- 
ditions. The velocity of the heating fluid (U;) and the equivalent heat transfer coef- 
ficient between the fluid and the adsorbent in the bed (œ) are two main factors which 
influence the temperature of the outlet fluid. With low velocity of the fluid and high 
a, the temperature of the outlet fluid is able to increases slowly (such as U=0.05 
m/s and a@=2000 w/m?°C). In addition, the velocity of the fluid plays a more 
important role, the temperature-increase curve with same œ (such as @=1000, U,=0.1 
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Fig. 13. Time dependent non-dimensional temperature of the outlet fluid. 


and 0.05) differ greatly than the two curves with same Up (U=0.1,a@=500 and 1000). 
Because of the high velocity, the power transportation mainly flows in fluid direction, 
not in the perpendicular direction. 

Ideal thermal wave cycle requires low Uç and high equivalent œ. However, low 
velocity will result in very small heating capacity, which decreases the power density 
of the system. And because of the characteristic of the porous adsorbent, increasing 
of the equivalent @ is greatly limited. 

Fig. 14 shows the variation of the COP and SCP under different conditions. With 
the decreasing of the velocity, the COP increases, but the power density of the system 
decreases quickly. It is difficult to kill two birds with a stone. 

It should be mentioned that the so-called thermal wave is a non-physical wave. 
Thermal wave is only a description of the fluid temperature, which mainly depends 
on the heat transfer condition. It does not have the features of many physical waves. 
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Fig. 14. The variation of the COP and SCP under different conditions 
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Some simulations of the thermal wave cycle just neglect this point. Many assump- 
tions of physical wave have been applied to the thermal wave, and some promising 
results are obtained. 

According to the above discussion, the following conclusions can be drawn: Two 
factors, the fluid velocity and the equivalent heat transfer coefficient, mainly influ- 
ence the characteristic of the thermal wave. To achieve ideal thermal wave, the 
velocity of the fluid should be very low and the equivalent œ should be high enough. 
However, low velocity of the heating fluid greatly decreases the power density of 
the system, and the increase of the equivalent @ is greatly limited due to the charac- 
teristic of the porous adsorbent. 


6. Convective thermal wave cycle 


Based upon the concept of thermal wave cycle, the convective thermal wave cycle 
has been proposed by Critoph [6], in which the refrigerant is used as the 
heating/cooling medium, thus convective heat and mass transfer exists in the adsorp- 
tion bed. As shown in Fig. 15, heat transfer to the bed from refrigerant convective 
vapor should be effective, it needs short time to get equilibrium state of adsorption 
during heating or cooling, and thereby the cycle time is usually short. 

As shown in Fig. 15(a), refrigerant vapor is heated and cycled by a pump through 
adsorption bed, direct heat transfer between the heated refrigerant and adsorption 
bed is initiated, which causes the bed temperature goes up and thus desorption hap- 
pens, the convective heat transfer coefficient is about 10?~10*W/m?eK [7]. The 
refrigerant vapor pressure will increase up to condensing pressure, thus some part 
of the cycled convective vapor is condensed in the condenser and then is collected 
in the receiver, other part will be heated again through the heat exchanger and then 
cycled through the adsorption bed. When the heating—desorption process is finished, 
the system is switched to cooling—adsorption process, the pump will be reversed, 
and heating will be switched to cooling, the convective vapor is cooled in the heat 
exchanger and then cycled through the adsorption bed, cooling to the bed is initiated 


(a) Adsorber (b) 


Heat Exchanger 


Li, LLL ELE Į 
Heat Exchanger = 
LWW = -MM — e : 


Pump Pump Receiver 
j Heat Input | | | Heat Output 


Receiver 


Condenser 


Evaporator 


Fig. 15. Schematics of an adsorption refrigeration system with convective thermal wave cycle. 
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by the refrigerant vapor itself, adsorption process is then started, which causes evap- 
oration of refrigerant liquid in the evaporator and refrigeration effect is obtained. 

It is critical that a big temperature gradient should be obtained along the adsorption 
bed for both heating or cooling processes in the bed. The temperature gradient along 
the bed will be looked like a wave which moves along the cycle direction in the 
bed. The two phases of heating—desorption and cooling—adsorption is different pro- 
cedures and thereby with different time. In real operation the two period could be 
assured as the same time for convince. 

A simulation example has been taken for activated carbon fiber (ACF)-ammonia 
[7], in which ACF—ammonia has been used as the working pair, the adsorption bed 
of such example is shown in Fig. 16. 

By assuming 1 kg ACF in the adsorber (250 mm in length), the condensing tem- 
perature of ammonia is 35°C, the evaporation temperature is —8°C, the heat driven 
temperature is 165°C,and the cooling temperature is 40°C, simulation to the thermal 
wave generation can be demonstrated in Figs. 17 and 18. In the simulation the vapor 
velocity in the bed inlet is assumed as | m/s, and the convective heat transfer between 
ammonia and the bed is 1050 W/m?-K at the condensing pressure of about 13.7 bar, 
and 433 W/m?-K at the evaporation pressure of about 2.7 bar. The simulated results 
for heating—desorption phase and cooling—adsorption phase are shown in Figs. 17 
and 18 respectively, in which the running time is different. It is obvious that heating— 
desorption is more faster than that of cooling—adsorption. If the two phase time is 
kept the same, heat recovery will then be not so reasonable. Good control for the 
two phase operation is then very important. If we reduce the heating vapor velocity 
to 0.25 m/s, then the estimated heating time will be about 330 s which is almost 
equal to the cooling—adsorption time. The heat recovery rate is then about 0.4, and the 
refrigeration COP=0.78, heating COA=1.78. Table 3 shows the simulated results [7]. 

It is clear that convective thermal wave cycle is quite attractive, however the 
system is not so easy to build as it looks like. Critoph has tried such system, and 
has found that it is still possible to yield good operation performances [8]. 


_-~ Flow Channel 


Fig. 16. ACF-ammonia adsorber for convective thermal wave cycle system. 
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Fig. 17. ACF temperature, vapor temperature and adsorption capacity changes vs time during heating- 
desorption phase. 
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Fig. 18. ACF temperature, vapor temperature and adsorption capacity changes vs time during cooling- 
adsorption phase. 
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Table 3 
A simulation example of convective thermal wave cycle 


Heating gas temperature 165°C Cooling gas temperature 40°C 

Evaporation temperature =8°C Condensing temperature 3C 

Heat for generation 494.97 kJ Hear rejected troni adsorber 470.93 kJ 
cooling 

Heat of condensing 271.73 kJ Refrigeration effect 251.60 kJ 

Heat recovered 192.904 kJ Heat recovery ratio 40% 

Heating/cooling time 330 s 

Refrigeration COP. 0.7872 Heat pumping COP, 1.78 

Refrigeration SCP 760 W/kg Heat pumping SPDy 1616 W/kg 


7. Multi-effect four-beds cascade cycle 


The system configuration of a four-beds cascade adsorption refrigeration cycle is 
shown in Fig. 19. There are four adsorbers (A,, A>, Bı, B2), one condenser (C), and 
one evaporator (E). Where A, and A, are in the high temperature stage, generation 
(temperature about 200°C) to this stage is initiated by heat input. The desorbed water 
vapor will go through the adsorber B, or B, at the low temperature stage to release 
heat for desorption. The adsorption pressure of the two stages are the same because 
only one evaporator is used in the system. 

The working principle of the four-beds cascade adsorption refrigeration cycle can 
be described as: 


1. Phase 1: A, of the high temperature stage is heated which serves as a desorber, 
while A, serves as an adsorber and is cooled by the heat rejection to the low 
temperature stage desorber B,. In the low temperature stage, B, is a desorber 
while B, is an adsorber which is cooled by heat rejection to the heat sink. The 
desorbed water vapor from A, can go through B, for further heat recovery, though 
B; is normally heated by the cooling process of Aj. As shown in Fig. 20, C-1 


(a)Phase 1 f (b) Phase 2: Heat recovery (c) Phase 3 
Cooling Cooling 


Cae eas ES 


Fig. 19. The system configuration of four-beds cascade adsorption refrigeration cycle. T — triple effect 
arrangement, D — double effect arrangement. 
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process is the adsorption process of adsorber A;, which is a heat release process, 
this heat (including sensible heat and heat of adsorption) is not rejected to outside, 
but to the desorber B, to generate the low temperature stage, which forms a double 
effect arrangement (the “D” arrangement in Fig. 19). If the desorbed water vapor 
from desorber A, (A, is now heated by outside) is introduced to desorber B, to 
increase the heat input (the “T” arrangement in Fig. 19), a triple effect arrangement 
is formed. Thus, cooling of adsorber A, is accomplished by the heat transfer to 
the desorber B,, while cooling of adsorber B, is accomplished by the heat rejection 
to the outside environment via a cooler. Cooling effect is achieved by adsorption 
in A, and B». The ideal generation temperature T, of desorber B, will be equal 
to the adsorption temperature T, of the high temperature stage. 

2. Phase 2: Heat recovery process in two stages: After the adsorption process in A, 
and B, on water (now as adsorbers) and the generation process of adsorbents in 
A, and B, (now as desorbers or generators), the heat recovery processes in the 
two stages are initiated by proper operation of valves. Adsorption can be started 
during this process if the bed pressure is lower than the evaporation pressure 
during the cooling process of the beds, which may provide an opportunities to 
recover some of the adsorption heat in addition to the sensible heat recovery. The 
heat recovery processes of the two stages stop at the respective heat recovery 
temperatures T,..> and T,.., , shown in Fig. 20. The heat recovery processes in 
the two stages will ensure good heat recovery, thus heating to generate the high 
temperature stage will be a d-3 process instead of a 1-2-d-3 process, and cooling 
the adsorber in the low temperature stage will be an f-5 process instead of 7-8- 
f-5 process. 

3. Phase 3: A reversed phase of phase 1: After the heat recovery processes of the 
two stages, A, is changed into an adsorber and A, into a desorber in the high 
temperature stage, while B, acts as an adsorber and B, as a desorber. 


The above process shows that the desorption process in phase | for desorber B, is 


furnished by the heat from desorber A, and adsorber A, in the high temperature stage. 
The coordination of adsorption and desorption of the two stages is very important to 


InP 


Treg! T 


T 


reg2 


Fig. 20. p-T-x diagram of a four-beds cascading adsorption refrigeration cycle. 
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operate the system properly. By the way the desorption pressure in desorber A, 
should be higher than the desorption pressure of desorber B, in order to make the 
vapor desorbed from A, going through desorber B, properly. As has mentioned, 
water is the refrigerant in the cascade system, the desorbed vapor can go through 
the adsorbent bed in desorber B, to get a triple-effect installation. 

Here a double effect is accomplished with sensible and adsorption heat recovery 
to generate low temperature stage in addition to the heat input to the high temperature 
stage, a triple effect is accomplished with the heat recovery of the desorbed vapor 
in the high temperature stage in addition to the heat used in a double effect arrange- 
ment to generate low temperature stage. 

An ideal heat recovery process will make the intermediate temperature T}, and T; 
the same. Here T; is the desorption temperature of low temperature stage adsorption 
cycle (5-6-7-8 in Fig. 20) and T, is the adsorption temperature of the high tempera- 
ture stage adsorption cycle (1-2-3-4 in Fig. 20). 

The maximum energy recovery from high temperature stage can be arranged by 
a triple effect system, in which the sensible heat of adsorbent bed, heat of adsorption 
and the latent heat of refrigerant vapor are fully used to drive the low temperature 
stage system. Assuming that the cascading triple effect adsorption cycle is composed 
by two independent continuous heat recovery adsorption refrigeration cycles, how- 
ever the two stages are related each other by heat exchanging. The low temperature 
stage (the first stage) and the high temperature stage (the second stage) have COPs 
as COP, and COP, respectively, they can be expressed as: 


Qrert 
COP == 20 
i Ongi Orcgi ( 
Qrer2 
COP, =... (21) 
Qne? Qreg2 


In reality, there are only heat input to stage 2 from outside, although the two stages 
contribute refrigeration effects Q,.¢, and Q,.¢. to furnish the total refrigeration Qer- 
Where Qng is the heat needed for heating generation which corresponds to the pro- 
cesses 1-2-3 or 5-6-7 of a single stage cycle in Fig. 20, Q,eg is the heat recovered 
from the heat recovery process. 

The COP of a double effect cascade adsorption cycle can be defined as 


Over = Q,erit+Qrer 


COP= = : (22) 
Oher—Oreg2 ODhe2—Qreg2 
If Eq. (21) is applied to Eq. (22), then 
COP=COP,4 cop, Lae Qrt, (23) 
ne2—Qreg2 


According to the first law of thermodynamics, to the high temperature stage we have 


Qnez + Qror2= 3-4-1 t Qo. (24) 


In which Q, is the heat released from the desorbed vapor to low temperature stage, 
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Q3.4., is the sensible heat of cooling process together with the heat of adsorption of 
the second stage. In ideal case, the heat released from high temperature stage is used 
thoroughly to generate the low temperature stage, which gives 


het ~~ Qree1 =(Q3-4-1 om Qreg2) + Q>. (25) 
If Eqs. (24) and (25) are used, then Eq. (23) can be expressed as 
Oo Qregrt Ore 
Qng? Qreg? 
COP=COP,+COP,-(1 +COP;)=COP, +COP,+COP,-COP3. (27) 


COP=COP,+COP,- (26) 


The above equation shows clearly the relation between the cascading cycle COP and 
two independent stage cycle COP, and COP). A typical example is that if both stages 
have COP=0.6, then the triple effect cascading COP=1.56. 

This concept could be used for multi-effect adsorption systems, and also adsorp- 
tion—absorption cascading systems [9,10]. 


8. Hybrid heating and cooling cycle 


The schematic design of a hybrid solar powered water heater and refrigerator is 
shown in Fig. 21. The system consists of a solar collector, water tank, 
adsorber/generator, condenser, evaporator, receiver and ice box and so on. 

The working principle is just a combination of a solar water heater and adsorption 
refrigeration. Heating of the water tank is started in the morning through vacuum tube 
type solar collector. With the increasing of the water temperature, the temperature in 
the adsorbent bed rises. In an ideal process, the adsorbent temperature could be very 
close to the water temperature in the tank. When the temperature in the adsorbent 
rises up to a temperature (Tı) which causes the vapor pressure of the desorbed 


Fig. 21. Schematic of the solar water heater and refrigerator. 1, Solar collector; 2, water pipe; 3, adsorber; 
4, valve; 5, condensor; 6, evaporator; 7, refrigerator (with cold storage); 8, receiver; 9, hot water container. 
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refrigerant up to the condensing pressure (P.), desorption at constant pressure is 
initiated, the desorbed vapor is condensed in the condenser and collected in the 
receiver. This liquid flows to the evaporator via an flow rate regulating valve. The 
temperature of the water and the adsorbent bed continues rising due to solar heating, 
a maximum temperature (7,5) for 80—-100°C could be achieved at the end of the 
process. The high temperature water is used in the evening for the family, also the 
hot water in the tank could be drained out and moved into another tank at home, 
thus hot water can be used very flexibly. 

With the refilling of the water tank with cold water, the temperature of the adsorb- 
ent bed is reduced rapidly (7,.—T,,), and the pressure in the adsorber drops to a 
value below evaporation pressure (P.). Evaporation could happen if the connecting 
valve is open, and ice will be made in the refrigeration box. The cooling of the 
adsorber and the rejection of adsorption heat may cause the temperature of cold 
water in the tank to rise several degrees (Ty>—T,2), however this energy is not wasted. 
Several degrees high than cold water temperature (To) will not influence much the 
adsorption refrigeration, this might be even better than normal cooling to the adsorp- 
tion bed by natural convection. Refrigeration will continue for the whole night until 
the next morning. The thermodynamic cycle for adsorption refrigeration can be dem- 
onstrated in a P-T-X diagram shown as Fig. 22. 

The features of the hybrid system include (1) water heating and refrigeration with 
one solar collector, which is suitable for household applications; (2) 
adsorber/generator is separated from collector, thus high efficiency vacuum collector 
can be used for water heating, thereby heating the adsorber at same time. The high 
efficiency heating does not mean a bad cooling of the adsorber through the night, 
as by draining the hot water from the tank, cold water is refilled to the tank, thus 
the adsober is cooled and refrigeration will take place; (3) energy efficiency is high 
for the use of the total solar energy collected; and (4) there is no danger of methanol 
disintegration as the maximum temperature of adsorbent bed cannot exceed 100°C, 
due to the water tank. 
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Fig. 22. Adsorption refrigeration cycle in hybrid solar water heater/ice maker. 
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8.1. Energy analysis of solar heating 


Solar heating absorbed by the collector will be used in three ways: (1) Q,, energy 
to heat the water tank and adsorbent bed, (2) Q., energy storage in the collector; (3) 
Q,, energy lost due to various losses. The energy conservation equation is 


A.G(T0)=Q,+Qi+Q, (28) 


where G is the solar flux density to the adsorber, T is the transmittance of solar 
radiation through the cover of the collector, @ is the absorptance of the collector, 
A, is the area of the collector. 

For a plate type or evacuated tube type solar collector, the heat quantity Q, is 
used to heat the water and adsorber in the water tank, which is mainly determined 
by the efficiency of collector; The heat quantity Q, is dependent on the solar collector 
material; Q, is the heat losses composed of the face loss Q,, the bottom loss Q,, and 
the four sides loss Q.. Usually Q. is relatively smaller than Q, and Q,, in which Q, 
and Q, can be calculated by 


Q= | UA(T,—T,) dt (29) 


Q,= | U,A(T =T.) dt. (30) 


Here T, is the average temperature of solar collector, T, is the environmental tem- 
perature, U, is the heat loss coefficient of the collector face, U, is the heat loss 
coefficient of the collector bottom. Of the heat losses, Q, is usually less than 10%. 


8.2. Energy analysis of the adsorber in the water tank 
The useful heat from the collector Q,, will contribute both to the heating of the 


water in the tank and to the heating of the adsorber which will cause the desorption 
of refrigerant from the adsorbent bed. The energy equation can be written as 


Tg2 Tg2 Tgi 
O.= | M yatecC water AT + | (MmCpm MC.) are | XconcMaCpı dT (31) 
T2 T2 Taz 
Teo To 
+ | haM, dx+ | x(T,p.)M,C, AT. 


T, 


gl T, 


g1 
In which the first term represents the heat added to the water bath in the tank, the 
second term is the sensible heat of the metallic tank and adsorbent mass. Item 3 is 
the sensible heat of refrigerant liquid in the adsorbent before desorption, item 4 is 
the heat of desorption, item 5 is the sensible heat of refrigerant remained in adsorbent 
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bed. In Eq. G1), Myate=mass of water, Cyae=specific heat of water, M,,=mass of 
adsorber, C,,,,=specific heat of adsorber, M,=mass of adsorbent, C,,=specific heat of 
adsorbent, C,=specific heat of refrigerant in the adsorbed state. Heat of desorption 


can be described by 


To Tyo 
ha, dx= | haM, ta dT (32) 
a = q qT 
T, T 


gl gl 


here ha is the heat of adsorption, which is a function of x. 
In the research, activated carbon—methanol is used as the working pair. The 
adsorption equation of activated carbon—methanol can be described by equation [11]: 


T n 
A= Xp exp -e( 7-1} | (33) 


where x is the adsorption capacity, k and n are the characteristic parameters of 
adsorption refrigeration pair, xX) is the adsorption capacity at T=T, and P=P, (where 
T, is the saturation temperature at pressure P,), T is the adsorption temperature. 
Typical parameter values for the activated carbon—methanol pair are: x )=0.284, 
k=10.21, n=1.39, T=288.3 K, where Shanghai “YK” (coconut shell type activated 
carbon) is used. hg can be calculated from Clausius—Clapeyron equation, where T.=T, 


(condensing temperature): 


eer yee 34 
a= RA (34) 


c 


here R is the gas constant and A is the constant of Clausius—Clapeyron equation. 
8.3. Energy balance between filled water and adsorber 


In the evening, the hot water in the tank is drained into another storage tank or 
is used directly. Cold water is then filled into the tank to cool the adsorber. The 
sensible heat of adsorber and the heat of adsorption will cause the filled water rises 
its temperature for several degrees, thus this energy will not be lost. The adsorption 
temperature T, is determined by the energy balance between the filled cold water 
and the adsorber to be cooled. 

The sensible heat for cooling the adsorber bed from T, to Taz is 


Tal 


Tyo Tyo 


Tal 


Q.= | (Mi Com+MCoa) AT + | XaiM,Cpı dT + fa „M, dx+ | xM,C,,dT (85) 
T Ta2 Ta2 


where item 1 is the sensible heat of adsorber mass and adsorbent, item 2 is the 
sensible heat of refrigerant in adsorbent bed, item 3 is the heat of adsorption, which 
can be calculated as 
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al 
dx 
H,= | h,M, dx= | h,M,4T (36) 
Ta2 Ta2 


item 4 is the sensible heat of adsorbent during adsorption process. The sensible heat 
for cooling is transferred to the filled cold water in the tank. This may cause the 
temperature increase for several degrees of the water in the tank. 

If water has a temperature To before adsorption, then the water temperature after 
adsorption is 


Q. 
To= lotz 7 
= ° MyaterX C pwater i ) 


which is also the adsorption temperature for the refrigerator. 
8.4. Refrigeration capacity 


The desorbed refrigerant is condensed in the condenser and flows into the evapor- 
ator. When the adsorbent bed pressure is lower than evaporation pressure, the 
refrigerant liquid in the evaporator will evaporate which causes the refrigeration 
effect. The refrigeration quantity is 


OQrer= AxM abe (38) 
B= cone Xan (39) 


where L, is the latent heat of vaporization, X.onc is the adsorbent capacity before 
desorption and xa; is the adsorption capacity after desorption. 

Some of the cooling quantity will be consumed to cool the refrigerant liquid from 
condensing temperature T, to evaporation temperature T, 


Qcc =M, AxC (T. — T.). (40) 


8.5. Refrigeration COP ycie and system COP sotar 


Refrigeration Cycle COP can be written as 


COP yycic= Qret—~Qee Occ (41) 


Qg 
where Q, is the heat for the regeneration of the adsorption bed, which is shown as 
T2 zi Toz 
O= 0i Qoia” | (Mi Cymt+M,C,,) T+ | XconMaCpı OT | hM, dx 


Ta2 Ta2 Tg1 
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+ | xM,C, dT (42) 


To 

Ove iD) ae oa dT is the sensible heat to heat the water in the tank, here the 
72 

sensible heat to heat the tank is neglected. 

In a normal solar powered ice-maker, the collector is in the same unit of adsorber, 
Qwater 1S zero, Qu is the whole contribution of heating to the adsorber. In this case 
the energy Q. must be taken away in the evening and the whole night to furnish the 
refrigeration effect. Cooling by normal convection is difficult to release Q.. 

The hybrid system has two useful output, one is refrigeration, its solar efficiency is 


COP; «== (43) 


| G(t) dt 


another is heating the water in the tank, its solar efficiency is 


O water 


(44) 
| G(t) dt 


n solar 


where G(f) is the solar flux density, | G(t) dt is the total solar energy during the 


whole day. 

A prototype hybrid system for water heating and ice-making has been developed, 
the adsorber is consisted of 28 @50X1X750 mm stainless steel tubes, in which 22 kg 
activated carbon was filled, the adsorber mass is about 25 kg. The water tank is 
filled with 120-150 kg water. A 1500 W electric heater is used to simulate a 3 m? 
evacuated heat pipe type solar collector. 

A typical experiment is demonstrated, the initial water temperature in the water 
tank is 18°C, and the initial adsorbent temperature is 20°C. After 6 h heating, the 
150 kg water bath temperature reaches 81°C, and the adsorbent temperature reaches 
72°C. The desorption process starts, in a 4 h desorption process heating to the water 
bath continues. The stop point of heating is 98°C for water bath, the corresponding 
desorption temperature is 89°C. The desorbed methanol is 4.1 liters, about 3.3 kg. 
About 54 MJ heat is added in the 10 h heating—desorption process. 

The hot water was taken away in the evening at 20:00, then the city water with 
a temperature of 10°C was filled into the tank, the adsorbent bed temperature was 
thereby reduced to 27.4°C. Meanwhile about 15 kg water with a temperature of 15°C 
was filled into the ice box. Adsorption refrigeration was then initiated, which lasted 
until the next morning at 8:00. What measured were: the water bath temperature 
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Table 4 
The experimental results of the hybrid system [11] 


Experimental date Energy Hot water output Ice output COP system COP wets’ Meystem 
accepted 
(MJ) 
°C kg °C kg 
a December ay 98 150 -2.5 105 0.067 0.386 0.906 
10-11 March 1999 49 91.3 112 —1;8 10 0.064 0.431 0.758 


raised up to 17.4°C, the adsorbent temperature decreased to 22°C. It was found that 
10.5 kg ice with a temperature of —2.5°C had been made. 
Here the definition of COP and ņ correspond to Eqs. (43) and (44) are 


COP eating = ons (45) 
T 
O water 
heating — 46 
Mheating Or (46) 


where Q+ is the total heat added from the heater to the water bath. It was evaluated 
that the adsorption refrigeration COP driven by heating is COPy ating=0.067, and the 
heating efficiency is Nreating=0-906. The adsorption refrigeration cycle COP has been 
calculated as COP.y.;.=0.386. 

Table 4 shows the two experimental results of hot water and ice output in two 
typical seasons: winter and spring. The water bath is relatively big, in which 150 
kg water and 112 kg water were filled for testing. In order to get the designed value 
in which hot water output is about 60 kg with a 2 m° solar collector heat input, 
calculations based upon the above tests shown in Table 4 were done, Table 5 shows 
the results. Here 60 kg water is assumed in the water bath, the energy accepted is 
about 22-24 MJ per day, which is a simulation to a 2 m° solar collector. The calcu- 


Table 5 
Calculated performance of the hybrid system based upon experimental results 


Experimental date Energy Hot water output Ice output COP xystem COPeycie  Msystem 
accepted 
(MJ) 
°C kg °C. kg 
2-10 December ig og 60 -2.5 10.5 0.143 0.386 0.795 


1998 
10-11 March 1999 22 91.3 60 -18 10 0.144 0.431 0.797 
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lated results show that a 2 m? solar collector is capable of heating 60 kg water to 
about 90°C and producing ice for about 10 kg. 

Attention should be made that the demonstration prototype system of water heating 
is in an open tank, in which the cover of the tank is not sealed, which caused about 
several percent heat dissipation by evaporation of water. The value of Nsystem is thus 
smaller than the ideal system, so is the COP,ystem- 

A typical operation for the hybrid solar powered water heater and ice-maker is 
shown in a p-T-x diagram as Fig. 23, the recorded parameters of the operation show 
that the operation is in good agreement with theoretical expectation in Fig. 22, the 
temperature increase of water in the water box shows that the sensible heat of the 
adsorber and the heat of adsorption is recovered effectively, this heat has been ther- 
eby stored in the water. 

Recent experimental work has proved that an one day operation will not only 
contribute hot water, but also yield refrigeration for a 120 liter cold box for more 
than 50 h with a temperature less than 5°C. 


9. Performances of an adsorption refrigerator and a heat pump 
9.1. Adsorption refrigerator 


A prototype continuous heat regenerative adsorption refrigerator using activated 
carbon—methanol has been developed [12]. In the adsorption system, two adsorbers 
are independently operated for heating or cooling along with the intermediate heat 
recovery process. Fig. 24 shows the whole unit and measuring sensors. The system 
has two adsorbers, one condenser and one evaporator, a receiver is installed for the 
observation of refrigerant flow in the system. There are 6 kg activated carbon in 
each adsorber. 
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Fig. 23. A typical operation of the hybrid solar water heater and ice maker in p-T-x diagram 
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Ice box 


Fig. 24. Schematic of a prototype heat regenerative adsorption refrigerator. 


The connections of the two adsorbers to the condenser and evaporator are by four 
vacuum valves, which keep one adsorber when regenerated being connected to the 
condenser and the other adsorber when cooled for adsorption connected to the evap- 
orator. Heating to an adsorber is controlled by a computer, the measured data of 
every sensor are shown on the display of computer. 

The above system has been applied for ice-making, which can show its application 
potentials for waste heat driven ice-making. 

The ice-making test results with indirect evaporator [12] and direct evaporator 
[13] are shown in Table 6, the direct evaporation shows a big improvement in ice 


Table 6 
Experimental performance for ice-making with direct evaporation 


Experimental working Indirect refrigeration Direct evaporation 
condition 

1 2 3 4 5 6 
Cycle time (min) 40 40 60 80 100 100 
oa temperatūre Za -25 30 33.5 33 33.6 32.5 
oo Peper da. igg 101.5 91 92 92.3 96.7 
oo temperature T, 22 30 31.5 32 32.1 31.6 
C ii temperature T, -15 13.5 155 153 155 15 
Ice made per day (kg) 14.6 13.25 24 26 30 315 
Specific cooling power SCP 
(kg-ice/adsorber kg-carbon 2.44 2.20 4.0 4.34 5.0 5.26 


per day) 
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making. It can be observed though with the low desorption temperature or high 
condensing and adsorption temperatures. The test results proves that it is possible 
to achieve a SCP for ice-making of more than 5.2 kg-ice per day per adsorber kg 
activated carbon. By the way the optimized cycle time is quite different if compared 
with the indirect evaporation, which is perhaps caused by different heat transfer area 
and also the difference of heat losses in the evaporator. In this test, the optimized 
cycle time is 100 min for direct evaporation, and 40 min for indirect evaporation. The 
COP for ice making test is about 0.13 for typical operation condition 6 in Table 6. 

It is shown that good SCP values have been obtained, but the system COP is still 
very low. This is perhaps mainly caused by the big mass of adsorber. In the design, 
the adsorber has a weight of 80 kg (mainly the two upper flanges) and the adsorbent 
only 6 kg per adsorber, large amount of sensible heat is wasted to heat the stainless 
steel heat exchanger and thermal fluid. The real machine does not need the flanges 
like the prototype system, which may show better performance results. By the way 
the water thermal fluid is used which has also a big heat capacity. 

The research progresses on heat regenerative adsorption refrigerators show that 


j= 


. Spiral plate heat exchanger is suitable for adsorber however the heat capacity of 
the adsorber body has a strong influence on the COP. In a real machine, the two 
flanges are not necessary, which will reduce the mass of adsorber obviously. 

2. A good design of an adsorption refrigerator should consider the match of con- 
denser, evaporator and adsorber/generator. In the operation of a system, means 
should be provided to get the real operation close to ideal processes. 

. Our system has been improved step by step, which is now capable of specific 
cooling power of 5.2 kg-ice/adsorber kg-adsorbent per day with a generation tem- 
perature less than 100°C. 


w 


9.2. Adsorption heat pump 


An adsorption heat pump for air conditioning using plate fin heat exchangers as 
adsorbers has been developed in SJTU [14], in which activated carbon—methanol 
has been used as adsorption pair. The system has two adsorbers, each of which has 
26 kg carbon embedded, the plate fin type adsorber makes the heating and cooling 
for adsorbers quite quickly. The system can be operated in a cycle time as short as 
20 min. As shown in Fig. 25, the system is very close to the adsorption system for 
ice-making, though the cooling is output to a fan-coil (actually two fan-coils each 
has 5 kW cooling power were used for the experiment) and a cooler is used to cool 
the thermal fluid of adsorber by cooling water from the cooling water tower. 

A novel type adsorber has been designed, which is a plate finned shell and tube 
heat exchanger, shown as Fig. 5, the designed heat capacity ratio between adsorber 
mass plus thermal fluid and adsorbent bed is 2.86 when water is used as thermal 
fluid, however good heat transfer is still possible to obtain. Two newly adsorbers 
were installed in the adsorption heat pump system, each of them were embeded with 
26 kg activated carbon. 
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Fig. 25. Schematic drawing of the whole adsorption heat pum system. 


Some tests were performed to the improved adsorption heat pump with novel 
configured adsorbers. After various experiments, it was found that the best cycle 
time for this adsorption heat pump is between 40-50 min with a heat recovery time 
for about 2 min. Several typical experiments were done with the following environ- 
mental parameters: room temperature=24°C, cooling water temperature=23.5°C and 
flow rate of chilled water=1.157 m°/h, thus the performances of the system can be 
evaluated. 

The measuring schemes are: (1) heat source temperature (T): 100°C, evaporation 
temperature (T.): 10°C, cycle time (£): 50 min; (2) Ta =100°C, T.=10°C, 40 min; 
(3) T,=100°C, T.=6°C, t=40 min; (4) T7,=110°C, T.=6°C, t=40 min. Various methods 
have been used to control the evaporation temperature and heat source temperature 
properly. The cooling power is evaluated by the averaged temperature difference of 
inlet and outlet of chilled water in the evaporator multiplied by the mass flow rate 
of the chilled water and the specific heat of water. The COP of the system is evalu- 
ated as the cooling capacity divided by the heat input, in which the heat input is 
counted by an electric kW-h counter. 

Modifications regarding to the heat dissipation of the heating line and boiler to 
the environment and the heat leak to the evaporator were carried out by experiment, 
further calculation regarding the difference of heat capacity of thermal fluid between 
oil and water were also performed (currently water was used as thermal fluid, how- 
ever oil is the real reasonable fluid for the system). The real system performances 
with respect to the above four operation conditions are shown in Table 7. Table 8 
shows the predicted performance of the system based upon experimental results. 

The above operation is not completely ideal, heat recovery is effective only for 
sensible heat, mass recovery have been adopted and was found effective. The further 
improvement is the heat recovery of adsorption heat. By the way it was observed 
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Table 7 
Concluded performances of the adsorption heat pump with respect to four operation conditions* 


S : 5 A 5 ð SCP, SCP, 
Ta CC) ż(min) Ta CC) Ta CC) T. CC) Te CC) Q; (kW) (W/kg) (W/kg) COP No. 
100 50 98.7 46.9 240 9.6 3.80 146 159 04 1 
100 40 96.8 45.6 29.6 9.9 3.93 151 168 0.37 2 
100 40 97.8 44.2 26.8 6.1 3.46 133 148 0.34 3 
110 40 106 45.7 28.7 6.0 3.70 143 159 0.32 4 


è Qr, averaged refrigeration power; SCP,, adsorption pair specific cooling power; SCP, system specific 
cooling power. 


Table 8 


Several measured performances and its prediction after improving insulation and substituting heat medium 
(water to oil) [15] 


Performances Operation condition 
No. 1 No. 2 No. 3 No. 4 

SCP oner 159 168 148 159 
COP water 0.40 0.37 0.34 0.32 
SCP rater trie 166 171 151 161 
COP water, true 0.43 0.40 0.37 0.34 
SCP oi, wue 166 171 151 161 
COP .it, true 0.50 0.47 0.44 0.39 


that thermal conductivity in the bed is very critical, the heat of adsorption was not 
transferred effectively, the adsorption temperature was about 45°C, which is still 
very high. If the effective heat transfer coefficient in the adsorber was increased, the 
system performances will be improved significantly. 

The reversed operation for heating with the adsorption heat pump was carried out, 
and found very attractive. In the winter time, when the environmental temperature 
is about 0-10°C, and the temperature lift is about 20—30°C, the system heat pumping 
efficiency COA=1.3-1.5, while the specific heating power SHP=280—500 W/adsorber 
kg-adsorbent. Table 9 shows some experimental results. 


Table 9 
Adsorption heat pump performance for heating in winter time 


Cycle time Heat source Heat pump power Heating temp. 

(min) temp. (°C) (kW) con (°C) SHP (W/kg) 
30 7.21 12.669 1.47 37.92 487 

40 9.18 9.946 1.41 33.49 382 

50 6.22 8.28 1.35 28.66 318 

60 1.51 7.314 1.33 22.30 281 


60 9.76 9.56 1.54 37.93 368 
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The heat pump research shows that adsorption heat pump is capable of cooling 
and heating, the heating performance is attractive. It will be of much better perform- 
ances if the bed thermal conductivity is increased significantly. 


10. Current work with the application potentials of adsorption systems 


A lot of research regarding to adsorption refrigeration or heat pump systems have 
been performed in SJTU, the main work now is focused on solar adsorption refriger- 
ation and air conditioning, the waste heat driven adsorption air conditioning for auto- 
mobiles. 

Solar adsorption ice maker seems to be attractive, 5-7 kg ice/day has been achi- 
eved with 1 m? plate type adsorber as solar collector, in which activated carbon- 
methanol is adopted. A potential application of solar adsorption refrigeration is for 
air-conditioning, such as household air conditioning and air conditioning for grain 
storage. It is expected to use solar plate type adsorber to assure low cost, the expected 
1 m° adsorber will be less than 100 US$, which will be of commercial interests. 
With 6-8 m° adsorber, it is possible to establish a 20 m? room air conditioner, which 
has a running time of 8 h. The obvious benefits of solar adsorption system is that 
the solar energy is used for desorption during the day, the adsorption air-conditioning 
system can be used when needed. In such applications, both zeolite—water and acti- 
vated carbon—methanol can be used. 

Automobile air conditioning driven by the exhausted gas is really very attractive 
due to the use of natural refrigerants and nearly no energy cost, however it is very 
difficult. The difficulties are the size of an adsorption air conditioning system is 
much bigger than a normal electric driven vapor compression system, the cooling 
supply stability is difficult to control. The research in SJTU now includes (1) adsorp- 
tion bus air-conditioning with a cooling capacity of about 20 kW, in which activated 
carbon—ammonia is adopted, continuous operation will be achieved with the oper- 
ation phase change of two adsorbers, the two adsorbers for 20 kW air conditioning 
will be constrained in 1 cm? space. (2) Adsorption air conditioning system for train 
locomotive driver with a cooling capacity of 5 kW, in which zeolite—water is adopted. 
Continuous cooling is achieved by cold storage though only one adsorber is used in 
the system. This design is based upon simple operation, and easy maintenance. Zeo- 
lite-water is of the best performances for adsorption air conditioning driven by the 
exhausted gas from an engine, its COP can reach 0.4, however reliability is critical 
as it is operated in vacuum system. Activated carbon—ammonia is of good reliability, 
but its COP is only half that of zeolite-water. Waste heat recovery and refrigeration 
capacity should be matched in the design besides the adsorption system itself. 


11. Concluding remarks 


Various research aspects on adsorption refrigeration have been completed in SJTU, 
some new researches are still going on. The following Table 10 shows the concluded 
research achievements regarding adsorption refrigeration in SJTU. 
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Table 10 
Concluded achievements and remarks of adsorption refrigeration research in SJTU 


Adsorption systems Performance details Remarks 


Solar ice maker (activated carbon— COP.oia=0.11-0.13, 5-7 kg-ice/m?-solar 


methanol) collector. Tested 
2 i p= 
Hybrid solar water heater and ice 2 m vacuum solar collector yields 60 kg 85 
; : 100°C hot water and 5 kg ice, or keep a 120 
maker/refrigerator (activated carbon- ,. : Tested 
thanol liter cold box with a temperature lower than 
methanol) 5°C for 50 hours. 
Low temperature waste heat source With a 100°C heat source, 5.2 kg-ice/kg- 
driven ice maker (activated carbon— adsorbent per day per adsorber has been Tested 
methanol) achieved. 
With a 100°C heat source, COP=0.5 and 
; SCP=150 W/kg-adsorbent for air conditioning 
Low temperature heat source driven A _ 
air conditioning system (activated HAS Peet ac waved COLA io and Tested 
ed SHP=300-500 W/kg-adsorbent for heat 
carbon—methanol) : : . 
pumping has been obtained with a temperature 
lift about 30°C. 
Bus air conditioning driven the A 5 kW prototype has been constructed and 
exhausted gases (activated carbon- will be tested soon, a 20 kW system will be To be tested 
ammonia) designed. 


A 5 kW system has been constructed, 
Continuous cooling is achieved by cold storage 
though only one adsorber is used in the 


Adsorption air conditioning system 


for train locomotive driver (zeolite— To be tested 


water) 
system. 
Solar ait conditioning (Zeolite -water A 8 m? solar adsorber, yields 8 h cooling for a 
a ’ 20 m? room. Plate type and tube type To be tested 


activated carbon—methanol : ; 
) adsorbers will be tried and tested. 


The research results show 


1. Solar adsorption refrigeration and air-conditioning are reasonable for future appli- 
cation. 

2. Waste heat driven adsorption systems should be market-attractive for application 
in energy utilization systems. 

3. Adsorption heat pump for house hold application should be of interests as its 
COA and SHP are higher. 
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